| I N TR ODU C TI ON
Spinal cord injury (SCI) in dogs is frequently caused by thoracolumbar intervertebral disc herniation (IVDH) resulting in a broad range of clinical signs ranging from paraspinal hyperesthesia to paraplegia and loss of deep pain perception (DPP) with concomitant impairment of micturition and defecation. [1] [2] [3] [4] [5] [6] [7] [8] Transcranial magnetic stimulation (TMS) generates transcranial magnetic motor evoked potentials (TMMEPs) that enable a noninvasive and fast evaluation of the functional integrity of descending motor pathways in the brain and spinal cord. 9 TMS is well established in human medicine, providing information about corticospinal tract damage and lesion location in cervical SCI. [10] [11] [12] [13] Moreover, it can be of prognostic value in stroke and SCI patients. 14, 15 In veterinary medicine application of TMS has been described as an ancillary tool for evaluation of clinical signs in horses and dogs with spinal cord diseases. [16] [17] [18] Associations of TMMEP data with severity of clinical signs and magnetic resonance imaging (MRI) findings has been described in cervical spondylomyelopathy in Great Danes and Dobermann Pinschers. 18, 19 Various methods have been used to estimate prognosis after severe SCI in dogs. In particular, presence or absence of DPP is the most reliable prognostic indicator for recovery after severe SCI in dogs and is a frequently used reference for evaluating new prognostic approaches. 1, [20] [21] [22] [23] [24] Potential cerebrospinal fluid biomarkers and imaging characteristics have been evaluated with respect to severity of SCI assessed by neurological examination and correlation with functional outcome. 4, [25] [26] [27] [28] [29] [30] MRI allows accurate identification of characteristics of extruded disc material and parenchymal spinal cord damage. 31, 32 In several previous studies, MRI measurements on T2-weighted images have been associated with severity of clinical signs and long-term ambulatory outcome. 25, 33, 34 A comparison of TMMEP data with MRI findings and long-term functional outcome has not previously been reported for dogs with thoracolumbar IVDH.
In this prospective study, initially paraplegic dogs with thoracolumbar IVDH diagnosed by MRI received decompressive surgery and were re-evaluated after surgery by neurological examination, TMS and MRI during a 3 to 4 months lasting follow-up period. It was hypothesized that TMMEPs obtained after surgery (1) are associated with long-term neurological status and (2) correlate with MRI findings. All dogs had a general physical and a neurological examination, complete blood cell count, routine serum biochemistry, and radiographs of the vertebral column. According to their neurological deficits, dogs were assigned to a scale published before with Grade I (spinal hyperesthesia without neurological deficits); Grade II (ambulatory paraparesis and ataxia); Grade III (non-ambulatory paraparesis); Grade IV (paraplegia with DPP); and Grade V (paraplegia with loss of DPP). 35 At initial clinical presentation, TMS was performed under deep sedation, as described in previously published studies. 16, [36] [37] [38] [39] Afterward, MRI examinations were performed to definitely localize and characterize IVDH and the lesion within the spinal cord and subsequently all dogs underwent decompressive surgery during the same anesthesia.
| M A TE RI A L A ND M E TH ODS

| Study design
First follow-up including a neurological examination and TMS was performed when motor function reappearance was observed at daily examination during hospitalization or after discharge either at serial weekly examinations by the investigators or by the instructed owners and confirmed at the hospital within 2 days (range 4-35 days after surgery). Second follow-up was performed 3 months after the 1st follow-up comprising repeated neurological examination, TMS and MRI (80-128 days after surgery; Figure 1 ).
| TMMEPs
Dogs were sedated with acepromazine (Vetranquil, CEVA Tiergesund- To display, measure, and save TMMEP waveforms commercially available computer software (VikingSelect-Software Version 11.0, Viasys healthcare, CareFusion, H€ ochberg, Germany) was used. Graphic analysis was performed on the first 200 ms of recording time after stimulus offset. Onset latency and peak-to-peak amplitude were measured as described before by manually directed cursors on the oscilloscope. 40 Onset latencies were measured in milliseconds (ms) and defined as interval between the stimulus to the start of the muscle response. Peak-to-peak amplitudes were measured in microvolts (mV) and calculated from the peak of the negative wave to the nadir of the 1st positive wave. Neuronal path length was measured starting at the vertex via the estimated course of nerve fibers to the muscle needle positioned within the cranial tibial muscle, contralateral to the stimulation site. 19 
| Magnetic resonance imaging
All dogs were examined under general anesthesia using a 3.0 T magnet 
| Statistical methods
To compensate for the dogs' differing body sizes and therefore neural conduction pathway lengths onset latencies of each limb were normal- 
| TMMEPs and comparison of TMMEP and neurological status
TMMEPs could not be generated in paraplegic dogs with Grade IV and follow-up and revealed a significant decrease of onset latency and a significant increase of peak-to-peak amplitudes during the course of therapy monitoring (Figure 3 ).
Latencies were not significantly different between ambulatory (Grade II) and non-ambulatory (Grade III) dogs at 1st follow-up (Table   3) . TMMEP latencies at 2nd follow-up were significantly longer in non- Abbreviations: TMMEP, transcranial magnetic motor evoked potentials; MRI, magnetic resonance imaging; T2W-LER, T2-weighted-lesion extension ratio; T2WLR, T2-weighted hyperintensity length ratio;
CLR, compression length ratio; SCCR, spinal cord compression ratio; VCCR, vertebral canal compression ratio. 
| MRI data and comparison of MRI data and neurological status
Imaging data could be obtained in all dogs at initial presentation and at the 2nd follow-up. At initial presentation intramedullary hyperinten- No significant differences were found between T2WLR obtained at initial presentation compared to results at the 2nd follow-up (P 5 .39). However, the CLR and T2W-LER were significantly lower whereas the SCCR and VCCR were significantly higher at 2nd followup examination compared to data obtained at initial presentation (P < .001; P 5 .002 and P 5 .005; P < .001 respectively).
| Correlation of MRI data and TMMEP
There was a significant correlation of T2WLR at initial presentation and latencies obtained at 2nd follow-up was detected (P 5 .045; r 5 2.507).
No further correlations were found for MRI data with TMMEP variables recorded in paraparetic dogs at 1st and 2nd follow-up.
FIG URE 3
Comparison of peak-to-peak amplitudes and stimulus conduction velocity (normalized latencies) of transcranial magnetic motor evoked potentials (TMMEPs) recorded at 1st and 2nd follow-up in 9 dogs. Comparison of these values revealed a significant increase of peak-to-peak amplitudes (3A; P 5 .01) and an increase of normalized latencies (3B; P 5 .001). Each plot represents 1 dog, dotted lines connect data of the same dog at 1st and 2nd follow-up. At 1st follow-up, TMMEPs could be obtained from the cranial tibial muscle in 16 pelvic limbs of 9 dogs; at 2nd follow-up TMMEPs were recorded in 18 pelvic limbs of 9 dogs Abbreviations: TMMEP, transcranial magnetic motor evoked potentials; MRI, magnetic resonance imaging; T2W-LER, T2-weighted-lesion extension ratio; T2WLR, T2-weighted hyperintensity length ratio; CLR, compression length ratio. a Calculations are based on onset latencies normalized with neuronal path length (m/s). *Indicates statistical significance (P <.05).
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Journal of Veterinary Internal Medicine In the present study, TMMEPs could not be elicited in paraplegic limbs which is in accordance with a previously published study. 16 During the course of the study all dogs recovered at least nonambulatory pelvic limb motor function at 1st follow-up. Concurrent with motor function TMMEPs also reappeared in 59% (9/17) of the dogs. In a study in dogs with acute onset of thoracolumbar IVDH previously published only 3 of 9 dogs with voluntary movements of the pelvic limbs had recordable TMMEP (30%) after surgery. 16 However, of these 9 dogs only 4 had been paraplegic before surgery of which none had reappearing TMMEPs limiting comparability of this and the present study. Furthermore, the period from surgery to 1st follow-up TMS was much shorter compared to the present study (median: 2 days; range: 2-16 days and median: 13 days, range, 4-35 days, in the present study). 16 Thus, healing mechanisms had more time to restore spinal cord motor function in the dogs enrolled in the study reported here. This assumption might be corroborated by a study of artificially induced SCI in rats; it reported about disappearance of motor evoked potentials after application of 60 g pressure for 10 seconds and reappearance of waves with lower amplitudes approximately 30 minutes later. 45 TMMEP latency and amplitude are affected by changes in axonal myelination that result in altered conductivity and axonal integrity. Axonal demyelination is a prominent feature of SCI, and spontaneous remyelination of axons is considered to contribute to neurological recovery. [46] [47] [48] Remyelination arises from resident glial progenitor cells, infiltrating the injured region, where they differentiate into oligodendrocytes producing myelin. 49, 50 Additionally, PNS associated Schwann cells migrate to the spinal cord lesion, contributing to remyelination by expressing platelet derived growth factor receptor a. 49, 51 These processes start immediately after injury. However, it takes weeks to achieve functional recovery. 2 Therefore, the timing of TMS for an assessment of spinal cord recovery seems to be crucial. Hence, hospitalization and daily assessment of neurological status by specialists after surgery until reappearance of motor function would lead to more consistent state of recovery among dogs examined. This limitation of the present study seemed to be inevitable due to owner consent. Slightly varying state of motor function recovery based on the individual cellular recovery process at the day of 1st follow-up examination could be a source of noise in this study. However, as TMMEPs might reflect cellular-level changes in function not evident in the neurological exam, they might be considered as more sensitive early markers for recovery.
In this study, no TMMEPs could be evoked in 6/17 (35%) dogs from the pelvic limbs of dogs with motor function apparent at 1st
follow-up. This finding is in accordance with studies in human cervical spondylotic myelopathy, where TMMEPs could not be elicited in all individuals although motor function was present. 11, 52 Additionally, similar findings were reported in Doberman Pinschers, Great Danes, and horses with cervical spinal cord lesions. [17] [18] [19] In a previously published study, TMMEPs could be recorded only in ambulatory dogs after IVDH, which differs from findings in this study, as 7/14 non-ambulatory dogs had detectable TMMEPs at least in 1 pelvic limb at 1st follow-up. 16 The reason that TMMEPs cannot be generated from limbs, although motor function is present, remains subject to assumption. [17] [18] [19] 37 It is suspected that the propagating impulses could be insufficient to depolarize the postsynaptic membrane of the motor neuron and thus, propagation of impulses stops and no muscle contraction is detectable. An association between onset latencies and amplitudes obtained at 1st follow-up and severity of neurological signs at the 2nd follow-up did not reach level of significance. The low number of dogs that could be included for calculation could be a reason for non-significant differences and over-estimation of differences between these groups at the same time, limiting validity of these calculations.
At 2nd follow-up, onset latencies were significantly longer in nonambulatory compared to ambulatory dogs. However, the number of dogs with Grade III in comparison to Grade II and I at 2nd follow-up was very low, thus the high impact of single values could bias this analysis, as these findings are in conflict with recently published data. 53 The normalization of onset latencies in the present study, eliminating the effect of differing body size between patients could explain the differing results of these 2 studies as well.
TMMEP amplitudes did not differ significantly between ambulatory and non-ambulatory dogs during follow-up. A possible explanation might be a high intra-and inter-individual variability of TMMEP amplitudes.
17
T2WLR was significantly associated with initial severity of neurological signs and with functional outcome, which is consistent with previously reported findings in a more heterogeneous dog population and another more recently published study in dogs with inclusion criteria similar to this study. 33, 34 However, a significant difference of T2WLR between dogs with initial Grade IV and V as in our study was not reported in previously published works. 33, 34 These findings might be related to slightly differing principles of T2W-hyperintensity measurement between those and the present study, as the region of compression was spared according to this article's definition of T2WLR, which could differ to previously used definitions. 33, 34 In addition, the aforementioned studies were performed with a 1 T MRI, thus, the current findings with a 3 T MRI could reflect higher resolution of spinal cord lesions, resulting in increased accuracy of hyperintensity detection.
Hence, slight differences between extent of hyperintensities in dogs with Grade IV and V could become more pronounced with 3 T. These findings reflect association between severity of spinal cord functional impairment and extent of T2-weighted hyperintensities, which emerge as a consequence of pathological processes such as myelomalacia, inflammation, edema, intramedullary hemorrhage, and necrosis. [54] [55] [56] Restrictively, a low number of dogs initially presenting as Grade V were included in the study reported here, which could bias these findings. In the present study, a higher prevalence of T2-weighted hyperintensities in dogs with absent DPP, compared to dogs with present DPP was detected, which is consistent with published findings. 25, 34 As reported in 2 other studies before, in the present study no association was detected between extent (CLR) and degree (SCCR, VCCR) of compression and severity of neurological signs at initial presentation. 25, 34 However, in one work such correlation was detected. 33 These contradictory findings might be attributed to varying degree of neurological impairment at initial presentation, as in the present study only paraplegic dogs were enrolled and the aforementioned study included dogs with modified Frankel score ranging from 0 to 5.
33
Assessment of lesion extension ratio did not reveal significant correlations and associations with severity of neurological signs.
Whereas CLR and T2W-LER were significantly reduced and SCCR and VCCR significantly increased comparing initial and seco t9PoPp45-Undond follow-up examinations as expected due to successful decompressive surgery, T2WLR did not change significantly. As residual level decreased spinal cord and vertebral canal diameter at the level of former compression was very slight, leading to insignificant compression of the spinal cord a possible effect on functional outcome seems to be negligible. Compared to pre-surgery MRI examinations at 2nd followup an increased number of dogs presented spinal cord hyperintensities, this might be individually ascribed in some dogs to an early stage of chronic processes with edema and demyelination and later to formation of fluid filled cavities, as it has been described in earlier studies. 57 As no histopathologic examination of these dogs has been performed these theories cannot be proven. This finding casts some doubt on the usefulness of MRI T2W-hyperintensities as a prognostic tool as timing of MR imaging is critical; dogs might be imaged before relevant acute changes develop or potentially irrelevant chronic changes might be mistaken for relevant acute changes and differentiation cannot be achieved on the basis of pure T2W-sequences.
MRI findings reflect severity of injury at initial state and TMMEPs correspondingly could not be elicited, thus, calculation of a correlation at that point in time was not possible. T2WLR was significantly associated with onset latencies assessed at 2nd follow-up, which is consistent with the association of both variables with the severity of clinical signs at 2nd follow-up. However, no further significant correlation was found of MRI findings obtained at initial presentation and 2nd follow-up with TMMEP variables recorded in paraparetic dogs at 1st and 2nd followup. In human and veterinary medicine, an association of TMMEPs and degree of chronic spinal cord compression assessed at the same point in time has been detected in chronic cervical spinal cord lesions. 11, 19, 37 As in the present study, only dogs presenting acute severe motor function impairment due to a different pathogenesis were enrolled, the dif- 
OFF-LABEL ANTIMICROBIAL DECLARATION
Authors declare no off-label use of antimicrobials.
